The multistate Majorana model in the presence of dissipation and dephasing is considered. It is proven that increasing the Hilbert space dimension the system becomes more and more fragile to quantum noise. The impossibility to recast the problem in the form of a set of independent spin-1/2 problems because of the presence of the noise is pointed out.
I. INTRODUCTION
The dynamics of a quantum system governed by a time-dependent Hamiltonian in the presence of an avoided crossing is well described by the Landau-ZenerMajorana-Stückelberg (LZMS) model [1] [2] [3] [4] . They independently found a remarkable formula that evaluates the diabatic transitions due to the occurrence of an avoided crossing, provided the evolution is essentially adiabatic far from the instant of time when the bare (diabatic) energies become degenerate. The Majorana treatment fits well the cases where more than two states are involved in the crossing.
The LZMS has received a lot of attention over the decades, for several reasons. First of all, it is a solvable model characterized by a time-dependent Hamiltonian, which is something rare, expects for situations where special conditions are satisfied [5] [6] [7] [8] [9] [10] . Second, it is an ubiquitous model. In fact, it was originally introduced by LZMS thinking of different physical scenarios, ranging from deformation of molecular orbitals to magnetic atoms in magnetic fields. Moreover, LZMS models has been proven to be relevant for example in quantum optics [11] [12] [13] , in systems with two or more interacting qubits [14] , in the physical scenario of artificial atoms [15, 16] or in properly atomic systems [17] . Third, in the fully adiabatic limit, it allows for quantum state manipulation based on the adiabatic following of the Hamiltonian eigenstates.
Over the decades, many generalizations have been proposed, theoretically analyzed and experimentally realized. First of all, the inevitable temporal limitation in a real experiment has driven toward the analysis of the model without the assumption that time varies from −∞ to +∞ [18, 19] . Models which go beyond the hypothesis of linear time-dependence of the diabatic energies have been studied [20] . Generally speaking, alternative time-dependence of the bare energies and non stationary coupling strength between the diabatic states have been considered, leading for example to the so called hidden crossing model, where the crossing is avoided both for diabatic and adiabatic energies [21, 22] , and to the total crossing model, where both the diabatic and the adiabatic energy cross [23] . Descriptions which go beyond the standard Schrödinger equation have been considered, for example assuming a nonlinear dynamics for the system [24, 25] or a non-Hermitian Hamiltonian [26] .
In the case of multilevel systems, which is the scenario where the Majorana treatment is properly distinguished from the model usually called the Landau-Zener one, several generalizations have also been presented. We mention the bowtie and the equal-slope models. The former, fits the case where one or two states with constant energies interact with a group of levels which cross at the same time [27] [28] [29] . The latter, also known as the Demkov-Osherov model [30] , involves a series of binary crossings and is then treatable through the Independent Crossing Approximation [31] . We also mention the degenerate Landau-Zener model, where an avoided crossing between two degenerate levels occurs in the presence of an interaction which couples states of one level to states of the other level [32] . In a three-state system, a hybrid situation between the LZMS model and a scheme for a Stimulated Raman Adiabatic Passage has been proposed and analyzed [33] . Other multistate variants with specific coupling schemes have been considered [34] [35] [36] [37] .
There have been several contributions dealing with the effects of quantum noise on physical systems subjected to time-dependent Hamiltonian, especially in the adiabatic limit [38] [39] [40] [41] [42] [43] . In particular, the noisy two-state Landau-Zener model has been analyzed in depth [44] [45] [46] [47] [48] [49] [50] . On the contrary, only few contributions are known concerning the multistate Landau-Zener problem in the presence of system-environment interaction. Ashhab [51] has dealt with the multistate LZMS problem in the presence of quantum noise, especially considering the equalslope and bow-tie models. More recently, a dissipative three-state LZMS problem has been considered [52, 53] . Specifically for the Majorana model, a dissipative version involving a non-Hermitian Hamiltonian including a probability loss has been analyzed [54] . Very recently, the three-state (or spin-1) Majorana model in the presence of quantum noise has been studied via a master equation approach, comparing the roles of decoherence and dissipation [55] , and showing that the dephasing is less detrimental than dissipation.
In this paper we consider the multistate Majorana model in the presence of quantum noise. In Sec. II we generalize the theoretical treatment exploited for the spin-1 case in Ref. [55] and analyze the dependence of the efficiency on the value of j, showing that a higher value of j implies a lower efficiency. Moreover, in Sec. III we
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discuss the possibility to reduce the case with j > 1/2 to a series of independent spin-1/2 problems, in the noisy case. We show that in the presence of interaction with the environment such a reduction is not valid anymore. Finally, in Sec. IV we discuss the results and give some conclusive remarks.
II. DISSIPATIVE MAJORANA MODEL
Ideal model -We consider a multistate Majorana model describing a spin-j particle immersed in a magnetic field with a linearly time-dependent z-component and a static x-component. The relevant Hamiltonian can be written as ( = 1)
withĴ
This Hamiltonian can be diagonalized through the action of the unitary operator
Since we have:
the eigenstates of H can be obtained as |1, m θ = U y (−θ) |1, m z , while the eigenvalues are mω(t), with m = −j, −j + 1, ..., j − 1, j. Quantum noise -According to the Davies and Spohn theory [56] , the master equation describing the dissipative dynamics of a system subjected to a time-dependent Hamiltonian involves a dissipator which connects the instantaneous eigenspaces of the Hamiltonian. The theoretical basis of such assertion is the assumption of very short bath correlations, since it implies that in a short time window the bath sees the Hamiltonian as essentially frozen, then allowing for a standard derivation of a markovian master equation [57, 58] . Therefore, assuming a flat spectrum for the environment (which guarantees short correlations), and a system-environment interaction Hamiltonian
we have the following Markovian master equation:
with
where N (ν, T ) = (e −ν/T − 1) −1 is the mean number of bath bosons at frequency ν, D(ν) is the density of bath modes at frequency ν, α(ν) is the coupling strength of the interaction with a mode of frequency ν and T is the bath temperature. Moreover,X(ν) = − =νΠ XΠ , withĤΠ = Π . This approach to the study of quantum noise in systems with time-dependent Hamiltonians has been extensively used [39] [40] [41] [42] 50] . Coherently with the flat spectrum hypothesis, the quantity γ ≡ λ 2 |α(ν)| 2 D(ν) must be independent from ν. Efficiency of the population transfer -A detailed analysis of the effects of quantum noise for the spin-1 (ot three-state) Majorana model has been developed in Ref. [55] , where an extensive comparison of the effects induced by dephasing or by dissipation has been carried out. The dissipation has been proven to jeopardize the population transfer more than the dephasing. This behavior is valid also when the dimension of the subspace is higher than three. Here we want to focus right on the dependence of the efficiency of the population transfer with respect to j. We assume a process where the system starts in the state |j, j and evaluate the final population of |j, −j , where the system is supposed to be after the adiabatic following that bring population from one of such two states to the other.
It is well visible that for higher values of j the system becomes more sensitive to quantum noise, whether dephasing (X =Ĵ z , in Figs. 1) or dissipation (X =Ĵ x , in Figs. 2) is considered, though dissipation clearly has a more detrimental effect. In both figures, we have considered an essentially-zero temperature (1a and 2a) and a moderately-high temperature (1b and 2b).
III. INDEPENDENT SPIN-1/2 MODEL
A very interesting property of the Majorana model for a spin-j particle is that it can be though of as a model describing the evolution of N = 2j independent spin-1/2 subjected to the same magnetic field, which has been proven already by Majorana [3] and subsequently studied in depth by several authors [59] [60] [61] . In fact, given N = 2j spin-1/2, their sum S = 2j k=1Ŝ k is such thatŜ 2 possesses an eigenvalue j(j + 1) in whose subspace the operatorŜ has the same representation ofĴ. Since the operators associated to different spin-1/2 commute, the global evolution operator of the N spins can be cast in the form of a product of single-spin operators:
Moreover, when the system starts in a state which belongs to a subspace ofŜ 2 the evolution is always confined in such a subspace. This is valid in particular for the subspace corresponding to the eigenvalue j(j + 1), and, moreover, in such a subspace exp(−iB ·Ŝ) is equivalent to exp(−iB ·Ĵ). Therefore, introduced the projector Π j onto the subspace withŜ 2 = j(j + 1), we have
The independence of the time evolutions can be generalized to the case of a time-dependent magnetic field, by considering the relevant Dyson series. Therefore, the evolution of a spin-j in a magnetic field, whether time-dependent or not, can be thought of as the simultaneous independent evolutions of N = 2j spin-1/2 in the same magnetic field.
Unfortunately, once the quantum noise is considered this separation is not possible anymore. In fact, while the unitary part of the dynamics can be separated, the dissipator of a standard master equation in a Lindblad form cannot: 
, no matter if the jump operatorsÂ k 's commute or not. Therefore, in general, the evolution associated to an open spin-j Majorana model cannot be recast in the form of 2j independent evolutions associated to 2j spin-1/2 each one interacting with its own bath.
There is also another way to think about a multistate Majorana model as an effective two-state model (see Refs. [55, 62] ). Indeed, in some cases it is possible to identify some instantaneous Hamiltonian eigenstates which can be expressed as superpositions of two static states, with time-dependent coefficients. For example, for the j = 1 case, one finds that the middle-energy state can be expressed as |1, 0 θ = cos θ |1, 0 z +sin θ(|1, −1 z − |1, 1 z )/ √ 2, so that a coherent population transfer from |1, 0 z to (|1, −1 z − |1, 1 z )/ √ 2, and vice versa, can be realized through the adiabatic following, in the ideal system. Nevertheless, as already pointed out in Ref. [55] , the presence of quantum noise implies transitions also to other states, which inevitably prevent the possibility to deduce an effective two-state model.
IV. CONCLUSIONS
In this paper we have considered the open Majorana Model, describing a spin-j in a time-dependent magnetic field and in the presence of quantum noise induced by the interaction with an environment. We have assumed an interaction with the environment which involves an angular momentum operator,X, mainly focusing on the casesX =Ĵ z andX =Ĵ x . In the former case the system is subjected to dephasing for the majority of the experiment time window. In fact, when the diabatic (bare) energies are very large, the Hamiltonian is almost proportional toĴ z and then commutes with it. Nevertheless, when the crossing is approached, the role ofĴ x in the Hamiltonian becomes more and more significant to the of becoming dominant, right at the crossing. Therefore, technically speaking, this situation does not involve only dephasing. Anyway, it is well visible that the system is more sensitive to quantum noise in the mainly dissipative case (X =Ĵ x ) than in the mainly dephasing condition (X =Ĵ z ). Moreover, we have clearly shown through our numerical resolution of the relevant master equation that for higher values of j the system is more and more sensitive to the effects of the environment. This trend is still valid at nonzero temperature.
Because it has been known since the very Majorana's paper that the spin-j problem can be thought of as 2j independent spin-1/2 problems, one can be surprised by this j-dependence of the noise effects on the system. Nevertheless, by very simple algebraic considerations, it is easy to convince oneself that such a decomposition in spin-1/2 dynamical problems is not valid for the open Majorana problem. Indeed, while the spin-j Hamiltonian can be considered as a restriction of the sum of 2j spin-1/2 Hamiltonians, the dissipator for a spin-j problem cannot be put in the form of 2j dissipators of independent spin-1/2 systems. In some sense, the environment imposes to see the system as a whole, as it happens in other scenarios where some collective behaviors emerge, such as for example superradiance and subradiance.
